The objective was to investigate how early electrocortical background pattern, as recorded with amplitude integrated EEG (aEEG), correlates with global and regional cerebral glucose metabolism (CMRgl) measured by positron emission tomography during the subacute phase after birth asphyxia. Nineteen term infants with hypoxic-ischemic encephalopathy were investigated. The aEEG background was evaluated at 0 -6, 6 -12, 12-24, 24 -48, and 48 -72 h postnatal age, and classified into four categories according to increasing degree of abnormality. The aEEG were also evaluated for sleep-wake cycling and epileptic seizure activity. CMRgl was measured by positron emission tomography with 2-( 18 F) fluoro-2-deoxy-D-glucose at a median (range) postnatal age 10 (4 -24) d. Increasing degree of abnormality in aEEG correlated significantly with decreasing CMRgl: at 6 -12 h (Ϫ0.593; 0.012) (r value; p value), 12-24 h (Ϫ0.669; 0.003), and 24 -48 h (Ϫ0.569; 0.014) postnatal age. Presence of sleep-wake cycling at 0 -6 h (0.697; 0.012), 6 -12 h (0.668; 0.003), and 12-24 h (0.612; 0.009) of age correlated with increased CMRgl. Delayed seizure activity at 12-24 h correlated with decreased CMRgl (Ϫ0.661; 0.004). Infants with abnormal aEEG at 6 -12 h had lower CMRgl in all regions of the brain compared with infants with normal aEEG. CMRgl of any specific region of the brain was not significantly more correlated to aEEG than CMRgl of other regions. Early electrocortical background patterns, early presence of sleep-wake cycling, and delayed seizure activity were highly correlated with global CMRgl measured during the subacute phase after asphyxia, but did not correlate with any specific pattern of regional uptake. Abbreviations aEEG, amplitude integrated EEG BS, burst-suppression aEEG CMRgl, cerebral metabolic rate of glucose CP, cerebral palsy FDG, fluoro-deoxyglucose HIE, hypoxic-ischemic encephalopathy OM, orbito-meatal PET, positron emission tomography rCMRgl, regional cerebral metabolic rate of glucose ROI, region of interest SWC, sleep-wake cycling in aEEG SZA, epileptic seizure activity in aEEG Birth asphyxia in term newborn infants remains a considerable problem in perinatal medicine, with high risk of mortality and disability (1-3). To predict outcome, the clinical neurologic assessment in grading HIE has proved to be of great value during the first days of life (4 -6). We have recently shown that CMRgl is significantly lower in asphyxiated full-term infants who die or develop CP than in asphyxiated infants with no signs of impairment at follow up (7). To select infants for early cerebroprotective treatment, which is a likely option in the near future (8), specific methods are required for very early identification of the infants who are at the highest risk of becoming disabled. aEEG has been used for very early prediction of outcome in full-term infants after birth asphyxia. There is a high risk for neurologic injury when the background aEEG is abnormal during the first hours of life (9, 10).
Birth asphyxia in term newborn infants remains a considerable problem in perinatal medicine, with high risk of mortality and disability (1) (2) (3) . To predict outcome, the clinical neurologic assessment in grading HIE has proved to be of great value during the first days of life (4 -6) . We have recently shown that CMRgl is significantly lower in asphyxiated full-term infants who die or develop CP than in asphyxiated infants with no signs of impairment at follow up (7) . To select infants for early cerebroprotective treatment, which is a likely option in the near future (8) , specific methods are required for very early identification of the infants who are at the highest risk of becoming disabled. aEEG has been used for very early prediction of outcome in full-term infants after birth asphyxia. There is a high risk for neurologic injury when the background aEEG is abnormal during the first hours of life (9, 10) .
On postmortem examinations of newborn infants, it has been shown that the degree of EEG background abnormality reflects the number of damaged brain structures (11) . In the adult human and in experimental research on adult animals, EEG activity correlated with both cerebral metabolic activity and cerebral blood flow (12, 13) . Whether this correlation is present also in newborn infants has not previously been investigated, although one study on mechanically ventilated preterm infants showed that aEEG burst density during the first days of life correlated with CBF (14) .
The aim of the present study was to investigate how very early electrocortical activity in full-term asphyxiated infants correlates with CMRgl, investigated somewhat later, in the subacute period, after secondary energy failure has passed and when more permanent damage has been established, and whether early aEEG background patterns correlate with specific regional uptake of CMRgl. These two methods have not previously been reported to have been applied together in the same infants.
PATIENTS AND METHODS

Subjects.
Nineteen term infants with HIE after birth asphyxia were included in the study. The infants were born January 1995 to November 1999. They were inborn or referred to the Neonatal Intensive Care Unit at Lund University Hospital, a regional tertiary level unit. The following inclusion criteria were used: 1) term newborn (gestational age Ͼ36 wk); and 2) birth asphyxia, defined as Apgar Ͻ7 at 5 min, and at least one of the following criteria: a) severe umbilical cord acidosis (pH Ͻ7.10), b) late or prolonged decelerations on cardiotocography, or c)placental abruptio; 3) presence of HIE (4); 4) aEEG recorded during the first 48 postnatal hours; and 5) PET with quantification of total and rCMRgl. Clinical data are shown in Table 1 .
The infants were neurologically examined daily during the first week of life and scored according to the maximum degree of HIE that developed (4). The infants had neurologic follow-up examinations at 4, 10, 18, and 24 mo of age. Assessment of outcome was made using items described by AmielTison (15) . The children were classified as having disability, i.e. CP (n ϭ 6) or epilepsy and visual impairment (n ϭ 1), or no disability, i.e. without signs of cerebral injury at 2 y of age. CP was classified according to the criteria of Hagberg et al. (3) .
aEEG. The aEEG records a single-channel EEG from a pair of biparietal electrodes (cerebral function monitor, CFM 4640 or Multitrace 2, Lectromed Devices Ltd., Letchworth, Hertfordshire, UK). The aEEG signal is amplified and passed through an asymmetric band-pass filter that strongly attenuates activity below 2 Hz and above 15 Hz. After further processing, including semilogarithmic amplitude compression, rectifying, smoothing, and time-compression, the aEEG is continuously written out on paper, with a paper speed of 6 cm/h (16) . The aEEG is included in our clinical care procedures for asphyxiated infants together with at least one standard EEG examination. In the present study, the aEEG was recorded from median (range) 4.0 (1.4 -44.5) postnatal hours, with 17 of 19 recordings initiated during the first 12 h. Seventeen of the 19 infants had one to six (median, two) standard EEG recorded during the neonatal period. Standard EEG was not recorded in two infants with mild HIE who rapidly recovered.
Classification of aEEG and EEG. The aEEG recordings were analyzed by two independent interpreters without knowledge of the clinical or PET data (I.R., L.H.-W.). The interobserver agreement regarding the various features (see below) of the aEEG was close to 100%. The aEEG at 6, 12, 24, 48, and 72 postnatal hours, as well as the intervals in between (i.e. 0 -6, 6 -12, 12-24, 24 -48, and 48 -72 postnatal hours, respectively) was classified regarding type of background pattern, presence or absence of SWC, and presence or absence of SZA (10) .
Definition of aEEG background patterns was as follows:
1. Continuous normal voltage aEEG: continuous background activity, bandwidth 10 -25 V (17, 18) (Fig. 1A) 2. Continuous periodic aEEG: continuous background including periods with slightly discontinuous activity (lower bandwidth around 5 V) (Fig. 1B) 3. BS: bursts of high-voltage activity intermixed with flat periods (Fig. 1C, second part) ; or continuously extremely low voltage (LV), i.e. continuous background activity with maximum activity below 5-7 V (Fig. 1D) 4. Inactive aEEG: flat tracing with electrocortical activity Ͻ5 V (10) (Fig. 1E) SWC was graded in three categories: 2 ϭ Presence of SWC, i.e. a smooth cyclical variation (approximate frequency 0.5-1 cycles/h) in maximum and minimum amplitudes. During quiet sleep, the more discontinuous background activity, corresponding to tracé alternant EEG, is seen in the aEEG as periods with increased bandwidth (18) . 1 ϭ Imminent SWC, i.e. some cyclical variation in the lower amplitude but not fully developed SWC. 0 ϭ Absence of SWC.
Epileptic seizure activity. A transient abrupt rise in aEEG amplitude, usually followed by a distinct decrease in amplitude Values are median (range). BE, base excess.
855
EARLY EEG AND CMRgl AFTER BIRTH ASPHYXIA that is not explained by external factors such as handling, repeated SZA resembles a "saw-tooth"; for an example, see the first part of the recording in Figure 1C . In the present study, SZA was defined as 1) single clinical seizures with corresponding aEEG changes; or 2) saw-tooth pattern with or without corresponding clinical seizures (19) .
PET
CMRgl was measured by PET and 18 FDG. The PET measurements were performed using a Scanditronix PC 384-7 (Scanditronix Medical AB, Uppsala, Sweden), with a spatial resolution of 7 mm. The investigations were performed at a postnatal age [median (range)] of 10 (4 -24) d, corresponding to gestational ages 41 (37-44) wk. At that time, the infants were clinically stable and no infant needed mechanical ventilation. All infants fasted for at least 2 h before the injection of 18 FDG. One hour before scanning, 2-3.7 MBq/kg (54 -100 Ci/kg) 18 FDG was injected intravenously. The infants were fed 30 min after the injection of 18 FDG. The investigations were performed without any pharmacological sedation, although almost all infants were sleeping in the PET camera. The method for quantifying CMRgl, using the glucose metabolism of the erythrocytes, required only one blood sample (20) . The PET investigation of the infants has earlier been described in greater detail (7) .
RCMRGL
To quantify the regional distribution of CMRgl, each brain recording was rotated to a position corresponding to OM plane and sectioned into 10 0.5-cm slices parallel to the OM plane. The rCMRgl was measured within three-dimensional ROI by a ROI-analysis computer program (Amersham Pharmacia Biotech, Uppsala, Sweden) by scaling the ROI set of each slice to the external limits of the brain slice. The position of ROI within each slice was based on an anatomic atlas (21) . The analyzed regions were cerebellum; the Rolandic, prefrontal, temporal, parietal, and occipital cortical areas; the thalamus; and the basal ganglia. In a separate analysis, the regions perfused by the anterior, medial, and posterior cortical arteries were measured. The regional values were calculated in percentage of the mean total CMRgl for each infant. The rCMRgl was correlated with the aEEG background at 6 -12 h, the first time when the aEEG correlated significantly with global CMRgl (see "Results").
RADIATION DOSIMETRY
The absorbed dose was calculated according to the MIRD (medical internal radiation dose) models based on the distribution data of Gallagher et al. (22) assuming a 1-h bladder voiding interval. The bladder wall receives the highest absorbed dose, 0.8 mGy/MBq. The estimated effective whole body dose equivalent was 0.16 -0.17 mSv/MBq.
ETHICS
The PET investigation was approved by the Research Ethics Committee, the Radiation Safety Committee at Lund University, and The Swedish Medical Products Agency. Informed consent for the PET scanning was obtained from all parents. Performance of aEEG was part of the clinical routine. 
STATISTICS
Nonparametric statistics were used. Spearman's test was used for correlation between global and regional absolute values of CMRgl and aEEG and outcome. Kendall's rank correlation was used to study the correlation between the relative regional CMRgl distribution and aEEG. Values are represented as median (range). A p value Ͻ 0.05 was regarded as significant.
RESULTS
Clinical outcome.
Six infants developed CP, and two of them died, one at 8 mo and one at 1.5 y of age. One infant developed epilepsy and visual impairment without CP, and 12 infants had no signs of impairment at 2 y follow-up.
CMRgl measured by FDG-PET. Global mean CMRgl decreased with increasing severity of HIE (r s ϭ 0.61; p ϭ 0.006), and correlated significantly with later outcome (r s ϭ 0.48; p ϭ 0.038). The median (range) CMRgl in infants with mild HIE (n ϭ 4) was 43.5 (37.7-51.0) mol/min/100 g, in moderate HIE (n ϭ 12) 22.4 (13.0 -52.1) mol/min/100 g, and in severe HIE (n ϭ 3) 15.0 (10.2-27.6) mol/min/100 g. CMRgl in the six infants who developed CP was 17.1 (10.2-27.6) mol/min/100 g. The 12 infants with no signs of impairment at 2 y of age had CMRgl of 36.0 (13.0 -65.1) mol/min/100 g. The infant who developed epilepsy and visual impairment but no CP had CMRgl 20.2 mol/min/100 g. In 15 of the infants these results have been reported previously (7) . aEEG and outcome. The duration of the aEEG recordings ranged from 4.8 to 165 h (median, 54), with 17 of 19 recordings initiated during the first 12 h. There was a significant correlation between aEEG background and outcome at all time intervals between 0 and 72 h postnatal age, as is shown in Table 2 . No infant had an inactive (flat) tracing at 12 h postnatal age. One infant with severe HIE developed an inactive aEEG at 24 -48 h, had a CMRgl of 15.0 mol/min/100 g, and later developed CP.
Correlation between aEEG and global CMRgl. Increasing degree of abnormality in aEEG background at 6 -48 h correlated significantly with decreasing CMRgl. Table 3 shows the correlation between aEEG and global CMRgl during various time intervals. When analyzing the aEEG background pattern present at the end of each time interval, the correlation with CMRgl was also significant: r (p) at 12 h: Ϫ0.672 (0.003); at 24 h: Ϫ0.675 (0.003); and at 48 h postnatal age: Ϫ0.486 (0.041). Presence of SWC at all time intervals between 0 and 24 h postnatal age correlated significantly with increasing CMRgl (Table 3) . Presence of SZA was associated with decreasing CMRgl at 12-24 h postnatal age, r (p) Ϫ0.661 (0.004). SZA before 12 h or after 24 h did not correlate with CMRgl (Table 3) . Individual values of CMRgl in relation to the aEEG patterns at 6 -12 h are shown in Figure 2 .
Correlation between aEEG and rCMRgl. For correlation with rCMRgl, the time point 6 -12 h for aEEG and SWC was chosen, the first time when there was a significant correlation between aEEG background and global CMRgl. The regional uptake of CMRgl was analyzed in two ways, absolute values and relative values (percentage of the global CMRgl in each infant). The absolute value of CMRgl in any chosen region of the brain was, like the global CMRgl, significantly correlated with aEEG and SWC but not with SZA. The rCMRgl values for the various aEEG categories at 6 -12 h are given in Table  4 . Figure 3 shows the rCMRgl in relation to SWC at 6 -12 h.
When analyzing relative rCMRgl (percentage of global CMRgl in each infant), there was no significant correlation between the various aEEG background patterns at 6 -12 h and CMRgl of some specified regions of the brain. However the occipital region had a near significant correlation (p ϭ 0.088; r ϭ Ϫ0.353) with the aEEG background. The relative CMRgl values for the three vascular territories did not significantly correlate with the aEEG background.
DISCUSSION
Several reports have previously shown that the aEEG contains accurate predictive information during the first hours of life after birth asphyxia (9, 10) . A normal aEEG is predictive of good outcome, whereas an abnormal tracing predicts poor outcome. We have recently also shown that CMRgl is highly correlated with the degree of HIE and predictive of outcome (7) . In the present study, we found a high correlation between the very early aEEG background pattern and global cerebral glucose metabolism, measured somewhat later, in the subacute phase after birth asphyxia. This is interesting, as these two techniques have not previously been reported to have been applied in the same children.
After asphyxia, the aEEG activity reflects the global electrocortical background activity, being largely independent of the position of the recording electrodes (19, 23) . The very early 
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EARLY EEG AND CMRgl AFTER BIRTH ASPHYXIA aEEG reflects the activity from neurons affected by the hypoxia-ischemia, both surviving cells and those that are undergoing apoptosis (24) . The FDG-PET examinations were performed in the subacute period at 8 -12 d postnatal age, after the secondary energy failure has passed and the permanent cerebral damage has most likely been established (25) . The CMRgl at this time reflects the glucose metabolism from neurons and glia cells that have survived, and it also reflects the decrease in the amount of neurotransmission in the synapses. The decreased CMRgl at this time consequently reflects the level of permanent cerebral damage. The aEEG has been used, both clinically and experimentally, for investigating the cerebral recovery after birth asphyxia and experimental ischemia (9, 10, 13, 26 -29) . The background activity in the early aEEG is a good prognostic marker, which seems to be reliable despite possible blunting from loading doses of phenobarbitone (10) . During and immediately after severe hypoxia-ischemia, the aEEG background is severely depressed before the electrocortical activity returns. When the aEEG activity returns it may do so in various ways, either as a quickly normalizing continuous background pattern or as an abnormal pattern, e.g. continuous but extremely LV or BS. A postmortem study in infants also suggested that different EEG background patterns could be associated with different types of brain injury (11) . If such association could be found between early EEG background and specific brain injury after perinatal asphyxia, this could implicate earlier and more accurate prediction regarding the type of injury, and, perhaps also in the future, interventions that were specifically addressed for this type of injury.
Few studies have addressed the issue of whether early postasphyctic electrocortical background reflects specific patterns of brain injury. In postmortem investigations of newborn infants, Aso and colleagues (11) found widely distributed brain injury in infants with BS in the EEG. There was a direct correlation between the numbers of damaged structures and the degree of EEG abnormality. Electrocortical inactivity correlated with widespread injury in the cerebral cortex, striatum, thalamus, midbrain, and pons. This is consistent with experimental data showing that BS EEG corresponds with a disruption of corticothalamic circuits in adult cats (30) . Also, in fetal sheep it has been shown that the electrophysiological background activity may have prognostic value and indicates the degree of cerebral injury. The duration of the EEG depression correlated well with the duration of ischemia and the degree of neuronal injury. Shorter duration of hypoxia-ischemia (10 -20 min resulting in mild selective neuronal loss) gave a shorter duration of depressed EEG, whereas longer hypoxia-ischemia (30 -40 min with laminar necrosis of cortex) gave a more prolonged depression of the EEG followed by epileptiform activity. The results indicated that after a severe hypoxicischemic insult, the parasagittal cortex becomes hyperexcitable before final loss of activity (31) .
In adult rats exposed to various durations of cerebral ischemia, the time to recovery of the EEG activity correlated better with the duration of the ischemia than the CBF and cerebral metabolism did (13) . It was suggested that neurophysiologic recovery in the postischemic period provides more accurate prognostic information than brain energy metabolism in indicating the extent of neuronal damage. In the present investigation, aEEG and CMRgl were both good for prognosticating outcome.
In a study of very preterm infants, there was also a correlation between burst rate in the aEEG background and cerebral blood flow as measured with 133-xenon (32) . However, in newborn piglets suffering gradual arterial hypotension there was no correlation between EEG background activity, which was depressed also after the arterial hypotensive period, and neuronal oxygenation as measured with near-infrared spectroscopy and cytochrome aa3 (33). 
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In the present study, early SWC was associated with good outcome. The "internal clock" for SWC is located in the brainstem (34) , and presence of SWC indicates a normally functioning brainstem.
Previous studies of postasphyctic infants have shown various correlations between seizures and infant outcome (6, 35) . The aEEG has been validated against the standard EEG, showing a good correlation regarding background patterns and epileptic seizure activity, but short, nonrepetitive seizures may be undetectable with the aEEG (19) . In the present study, delayed SZA at 12-24 h correlated with low CMRgl values and worse outcome. Delayed seizures may be an indicator of secondary energy failure (25) . In experimental studies on hypoxia-ischemia in fetal sheep, delayed seizures have shown good correlation with brain injury (36) . A LV EEG seizure pattern is often present with parasagittal injury (31) .
The CMRgl measurements were performed at a median age of 10 d, when intensive care was finished and the infants were clinically stable. At this stage, the PET investigations could be performed without any sedation. The results could be obscured by sedation and drugs if PET is performed too early after the insult. However, in the present study, four of the 19 infants received phenobarbitone when the PET scan was performed. These four infants had moderate or severe HIE and they all developed CP. Their CMRgl were relatively low but not lower than the CMRgl for other infants with comparable HIE and outcome. We cannot exclude that phenobarbitone to these four infants may have affected their CMRgl, although it seems unlikely that any major changes in CMRgl occurred. This problem has been focused on in our previous work (7) .
Abnormal signal intensity on MRI in the internal capsule has been shown to be a predictor of neurodevelopmental outcome after birth asphyxia (37) . Recently, a study on neonates with acute neonatal encephalopathy showed good correlation between early EEG and MRI (38) . A normal MRI was associated with normal EEG background activity and normal outcome; severe abnormalities on MRI correlated with marked EEG abnormalities and abnormal outcome. However, it was not investigated whether regional patterns on MRI corresponded with specific EEG patterns.
In conclusion, the present study has shown that early electrocortical background activity, aEEG, SWC, and delayed SZA (12-24 h) correlates with CMRgl measured during the subacute phase after asphyxia, reflecting the final degree of cerebral injury. Infants with abnormal aEEG at 6 -12 h had lower CMRgl in all regions of the brain compared with infants with normal aEEG. However, CMRgl of any specific region of the brain was not significantly more correlated to the aEEG than CMRgl of other regions. Consequently, the aEEG did not correlate with any specific pattern of regional uptake of cerebral glucose.
